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Calcium is an essential macronutrient for plants and animals and plays an indispensable
role in structure and signaling. Low dietary intake of calcium in humans has
been epidemiologically linked to various diseases which can have serious health
consequences over time. Major staple food-grains are poor source of calcium,
however, finger millet [Eleusine coracana (L.) Gaertn.], an orphan crop has an
immense potential as a nutritional security crop due to its exceptionally high calcium
content. Understanding the existing genetic variation as well as molecular mechanisms
underlying the uptake, transport, accumulation of calcium ions (Ca2+) in grains is
of utmost importance for development of calcium bio-fortified crops. In this review,
we have discussed molecular mechanisms involved in calcium accumulation and
transport thoroughly, emphasized the role of molecular breeding, functional genomics
and transgenic approaches to understand the intricate mechanism of calcium nutrition
in finger millet. The objective is to provide a comprehensive up to date account of
molecular mechanisms regulating calcium nutrition and highlight the significance of bio-
fortification through identification of potential candidate genes and regulatory elements
from finger millet to alleviate calcium malnutrition. Hence, finger millet could be used as
a model system for explaining the mechanism of elevated calcium (Ca2+) accumulation
in its grains and could pave way for development of nutraceuticals or designer crops.
Keywords: calcium, biofortification, bioavailability, finger millet, molecular breeding, functional genomics,
transgenics
Mineral malnutrition is affecting one half of the world’s population. People have no access to a
variety of minerals such as iron, calcium, zinc, magnesium, and copper. Most of the staple food
crops such as rice, wheat and maize which constitute the major part of the diet of people are often
deficient in these macro/micronutrients, thus insufficient to meet the daily needs (Hirschi, 2009).
Deficiency of these minerals leads to an increasing risk of diseases such as rickets, osteoporosis,
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anemia, hypertension etc. It has been estimated by the Food and
Agriculture Organization (FAO) that the world’s population will
reach 9.1 billion by 2050 (Food and Agriculture Organization
[FAO] of the United Nations, 2009). Hence, to meet the food
demands of such a large population the quantity as well as the
quality of food needs to be improved in terms of their nutritional
value.
Calcium plays a very important role in the development
of bones and teeth. Besides, it is required for a number of
basic regulatory functions such as: contraction and relaxation
of muscles, transmission of nerve impulses, coagulation of
blood, activation of enzymatic reactions, stimulation of hormonal
secretion and many other processes including synaptic plasticity,
cell proliferation and cell death (Pravina et al., 2013). Calcium
deficiency is a serious health problem which prevails in developed
as well as in the developing world. Insufficient intake of calcium
in human diets has been linked to diseases such as rickets
(Heaney, 1993; Chan et al., 2007) and osteoporosis (Bhatia,
2008; Pettifor, 2008), both of which are the underlying cause
for low bone density and poor bone growth. Eighty percent of
the people who suffer from osteoporosis are women. Intake of
calcium (Ca2+) in pregnant women is predominantly important
for fetal skeleton development, increasing birth weight prenatal
hypertension and avoidance of pre-clamsia (Chan et al., 2006).
The human dietary intake of calcium in the majority of cases
is below the recommended daily intake (RDI) of 800–1,300 mg
per capita, and this is believed to result in widespread health and
economic costs (Kranz et al., 2007).
Various approaches used to improve the calcium (Ca2+)
content in grains/edible portion of crop plants include
conventional breeding methodologies, marker assisted selection,
transgenic technology and biofortification. Conventional plant
breeding which aims in improving the target traits mainly
by introgression from donor lines through hybridization has
number of drawbacks such as the time required for breeding
of cultivars, linkage drag, and absence of sufficient genetic
variability in the primary gene pool with respect to a particular
trait (Collard and Mackill, 2008). Molecular markers are
considered best for indirect selection of traits and to avoid
linkage drag. The association of markers with genes/QTLs
controlling the traits of economic importance has been used for
indirect marker assisted selection. However, genetic markers
spread across the whole genome allow not only identification of
individual genes associated with complex traits by QTL analysis
but also the exploration of genetic diversity with regard to natural
variation and can be extended for identification of major genes
for nutritional traits. The genome wide markers saturating the
whole genome are being used for genomic selection and results
are encouraging in maize, wheat and barley (Piepho, 2009;
Crossa et al., 2010; Guo et al., 2010; Heffner et al., 2011; Zhao
et al., 2014). Another approach used for calcium biofortification
is transgenics, by manipulating Ca2+ transporter genes. Several
attempts have been made to increase calcium content in plant
tissues and up to 300% increase of calcium content is recorded in
plants (Park et al., 2005a; Kumar et al., 2014).
Hence, molecular marker assisted selection and transgenic
technology are the two widely used approaches for
biofortification to overcome the problem of “Hidden hunger,”
which is the dietary insufficiency of one or more micronutrients
such as calcium. However, for successful accomplishment of
biofortification, high throughput ‘omics’ technologies provide
useful insights and opportunities for development of third
generation molecular markers, and identification of candidate
genes for development of transgenics for ensuring nutritional
security. The techniques of functional genomics along with the
help of bioinformatics tools help in isolation and characterization
of genes of nutritional importance. Genomics has also given us
the information of complete genomes of a large number of food
plants (Varshney et al., 2006). One of the main pillars of genomic
studies is the development of high-throughput DNA sequencing
technologies, collectively known as Next Generation Sequencing
(NGS) methods, which can readily provide Single Nucleotide
Polymorphism (SNPs) information of important nutrient rich
genes (Govindaraj et al., 2015). Transcriptome sequencing
gives information about the functional genes expressed in
specific tissues of an organism at any given time in response to
nutritional changes or other changes in the growth conditions.
Transcriptome data is highly useful not only to know the gene
content and transcriptional status in various tissues but also helps
in identifying SSRs and SNPs in the genic regions, which can be
converted to gene-based markers (Narina et al., 2011). Further,
proteomics has helped researchers understand the effects of
proteins on plant mineral homeostasis. It helps in monitoring
the changes in proteins under different developmental and
environmental conditions, as guided by the genome and signaled
by the transcriptome.
This review comprehensively describes the three pronged
molecular approaches for augmenting grain calcium content
in finger millet: Molecular breeding, Functional Genomics and
Transgenics. It also explains the challenges faced in a successful
biofortification program and strategies for biofortification of
calcium in plants for improved nutrition and development of
functional foods. Further, it describes the mechanism of calcium
uptake and transport from source to sink organs in plants and the
molecular players involved in it.
BIOFORTIFICATION: MAJOR
CHALLENGES AND ISSUES
Biofortification is the development of nutrient-dense staple crops
using the best conventional breeding practices and modern
biotechnology, without sacrificing agronomic performance and
important consumer-preferred traits (Nestel et al., 2006). Plants
are the ultimate source of nutrients in human diet. However,
majority of the essential vitamins and minerals are lacking
in all our staple food crops. Although, a balanced diet
provides sufficient nutrients but most of the human population,
particularly in developing countries depends upon staple cereals,
such as rice or maize, which fail to provide the full complement
of essential nutrients. Malnutrition has become a significant
public health issue in most of the developing world (Müller and
Krawinkel, 2005). One way to tackle this problem is through the
enrichment of staple crops to increase their essential nutrient
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content. Several different tactics for biofortification have been
adopted including addition of the appropriate mineral as an
organic compound to the fertilizer, improving the nutritional
content of plants by conventional breeding in combination
with mutagenesis and the use of marker- assisted selection to
introgress such traits into widely cultivated, adapted genotypes.
Although breeding-based strategies for biofortification are
unproven as yet, they have the potential to become sustainable,
cost effective and reach remote rural populations (Bouis, 2003;
Genc et al., 2005). It is argued that once mineral-dense lines
have been developed, there will be little additional cost in
incorporating them into on-going breeding programs (Welch
and Graham, 2002; Bouis, 2003; Timmer, 2003), and it has
been reported that seed of mineral dense crops produce more
vigorous seedlings on infertile soils (Rengel and Graham, 1995).
To implement successful biofortification programs through plant
breeding there is need for a comprehensive exploration of
potential genetic resources in the form of land races, wild species
and an in-depth understanding of the physiological and genetic
basis of mineral nutrients accumulation in staple food crop.
It therefore becomes necessary to understand the genes and
processes involved in grain mineral accumulation in order to
couple the information with marker/genomics assisted selection,
for efficient enhancement of grain mineral content.
A breeding program aiming at development of new genotypes
with high Ca2+ concentration first requires existence of
useful genetic variation for Ca2+ accumulation in grain. Little
information is, however, available about the genetic control
and molecular physiological mechanisms contributing to high
accumulation of Ca2+ and other micronutrients in grain of
different genetic materials.
BIOAVAILABILITY: A COMPLEX
DETERMINING FACTOR
Plant foods contain substances (i.e., antinutrients) that interfere
with the absorption or utilization of these nutrients in
humans (Welch and Graham, 1999). Thus, efforts should
be made toward increasing the concentrations of “promoter
substances” (stimulating the absorption of essential mineral
elements) and reducing the concentrations of “antinutrients”
(interfering with their absorption) of the biofortified crops
(White and Broadley, 2005). The best described promoter
substances are certain vitamins, inulins and cysteine amino
acid. Vitamin E, D, choline, niacin and provitamin A, help
in the absorption of Se, Ca, P, Fe, and Zn (Carvalho and
Vasconcelos, 2013). Finger millet contains both water soluble and
liposoluble vitamins: thiamin, riboflavin, niacin, and tocopherols
(Obilana and Manyasa, 2002), which could act as potential
promoter substances for crop biofortification. Utilization of
the maximum nutrient potential of the millets is limited
by the presence of phytates, phenols, tannins and enzyme
inhibitors. Among millets, finger millet has been reported
to contain high amounts of tannins ranging from 0.04 to
3.74% of catechin equivalents (Rao et al., 1994; Antony and
Chandra, 1999). Phytate content in finger millet as observed
by various authors has been found to be in range 0.679–
0.693 g/100 mg (Antony and Chandra, 1999). It is the main
phosphorous store in mature seeds, has a strong binding
capacity and readily forms complexes with multivalent cations
and proteins (Haug and Lantzsch, 1983). Finger millet has
been found to contain 41% phytic phosphorus as percentage
of total phosphorus (Deosthale, 2002). The dietary phytic acid
binds not only with the seed derived minerals but also with
other endogenous minerals encountered in the digestive tract
(Raboy, 2000). Another group of anti-nutritional compound
is polyphenols, which contains more than one phenol unit or
building block per molecule (Carvalho and Vasconcelos, 2013).
The level of polyphenols in cereal seeds can be reduced by
incubation with polyphenol oxidase which, when combined with
a phytase-mediated phytate reduction, shows significant increase
in the availability of iron (Matuschek et al., 2001). On an
average, finger millet genotypes contain 0.04–3.47% polyphenols
(Chethan and Malleshi, 2007). Rao and Muralikrishna (2002)
found proto-catechuic acid (45.0 mg/100 g) as the major free
phenolic acid in finger millet grains. Among bound phenloic
acids, ferulic and p-coumaric acid are the major fractions and
account for 64–96 and 50–99% of total ferulic and p-coumaric
acid content of finger millet grains, respectively, (Devi et al.,
2014).
Numerous complexities pervade the determination of
bioavailability of micronutrients in plant foods to humans.
Determining the bioavailability of a particular micronutrient
to an individual eating a mixed diet in a given environment is
actually governed by the interaction of a multitude of factors
(Fairweather-Tait and Hurrell, 1996; House, 1999; Van Campen
and Glahn, 1999; Graham et al., 2001). Two approaches of
conventional and genetic biofortification as given in Figure 1 are
being currently practiced. Through plant breeding approaches
one could select genotypes with low concentration of anti-
nutrients or alternatively molecular biologists alter genes in
staple crops so as to reduce or completely eliminate these anti-
nutrients. However, doing so is associated with many risk factors
and should be done with utmost care because many of the anti-
nutrients are major plant metabolites that might play important
roles in plant abiotic stress resistance, plant metabolism and in
resistance of plant to crop pests or pathogens (Graham et al.,
2001). Moreover, some of the anti-nutrients such as phytate and
polyphenols might play key beneficial roles in human diets by
acting as anti-carcinogens or by promoting health in other ways
such as decreasing the risk of heart diseases or diabetes (Zhou
and Erdman, 1995; Anonymous, 1996; Saied and Shamsuddin,
1998; Shamsuddin, 1999). Therefore, molecular biologists and
plant breeders must consider the possible negative consequences
of altering the concentration of these anti-nutrients in staple
food crops.
PLANTS: THE POWER HOUSE OF
CALCIUM
It’s common knowledge that we need calcium for strong bones,
teeth and besides this for a number of regulatory functions in our
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FIGURE 1 | Crop Biofortification approaches: Agronomic and Genetic Biofortification strategies aiming to increase the bioavailability and
accumulation of micronutrients in the edible tissues of crops.
body. But, the best source of dietary and supplemental calcium
is not understood yet. Following dairy products, plant products
prove to be the largest potential contributor to Ca2+ intake
(Weaver and Plawecki, 1994; Weaver et al., 1999; Lanham-New,
2008). Ever since the beginning of mankind, plant based foods
constitute one of the potential nutrient sources in human diet
(Carvalho and Vasconcelos, 2013). For proper calcium (Ca2+)
absorption we need to consume food sources that contain types
of calcium that are easily digested, assimilated and absorbed.
Because of the calcium-magnesium ratio in dairy products, our
body is not capable of absorbing the calcium (Bennett and
Sammartano, 2012). However, calcium is naturally bound with
other minerals, vitamins, proteins, and phyto-nutrients in the
plants. Plant foods provide our body with calcium which is
safe to absorb and directs our body to store it in our bones.
Most of the staple foods, however, (e.g., Rice, wheat, and maize)
have very low amount of calcium (Jeong and Guerinot, 2008).
Plant based calcium sources includes green leafy vegetables,
nuts, fruits, seeds, sea vegetables which help us to gain more
calcium.
To implement a successful biofortification program for
increasing calcium content in plants, comprehensive exploration
of potential genetic resources in the form of land races and
wild species is required. Also there is a need to have an in
depth knowledge of physiological and genetic basis of calcium
accumulation in staple food crops. It is therefore necessary to
understand the genes and processes involved in grain calcium
accumulation so as to blend this information with marker assisted
selection for enhancing grain calcium concentration.
Finger Millet: A High Calcium
Accumulating Crop
Finger millet is a potential staple crop cultivated mostly in Eastern
and Central Africa and India. It ranks fourth in importance
among millets in the world after sorghum, pearl millet, foxtail
millet and commonly referred as ragi, mandua, bird’s foot millet,
caracan millet and African millet (Upadhyaya et al., 2007).
Nutritionally, finger millet is an excellent sources of nutrients
especially calcium, other minerals and dietary fiber. The mineral
composition of finger millet grains is highly variable. The mineral
content of food grains is affected by the presence of genetic
factors and environmental conditions prevailing in particular
growing region (Singh and Raghuvanshi, 2012; Singh et al., 2014).
Finger millet contains a fair amount of protein (7.3%) (Malleshi
and Klopfenstein, 1998), dietary fiber (15–20%) (Chethan and
Malleshi, 2007), and a rich source of calcium (344 mg/ 100 g)
(Gopalan et al., 1999; Bhatt et al., 2003) and iron (3.7–6.8 mg/
100 g) (Barbeau and Hilu, 1993). Ravindran (1991) estimated the
protein content of finger millet to be 9.8%, that of calcium, oxalate
and phytic acid to be 0.24, 0.44, and 0.48%, respectively. In several
studies on estimation of calcium content in different genotypes
of finger millet, high calcium values have been reported. Calcium
content varied from 162 to 487 mg/100 g with a mean value of
320.8 mg/100 g grain in 36 genotypes of finger millet (Vadivoo
et al., 1998), 293–390 mg/100 g in six varieties of finger millet
(Babu et al., 1987); 50–300 mg/100 g in another set of six
varieties (Admassu et al., 2009). Furthermore, very high calcium
content, 450 mg/100 g (Panwar et al., 2010) and 489 mg/100 g
(Upadhyaya et al., 2011) has been reported in few finger millet
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genotypes. It has also been found that the average calcium content
(329 mg/100 g grain) in white genotypes was considerably higher
than the brown (296 mg/100 grain) genotypes (Seetharam, 2001).
Besides high nutritional value, finger millet has high grain yield
potential in the range of 4-5 tons/ha (Food and Agriculture
Organization [FAO] of the United Nations, 2008). Thus, finger
millet is up-coming as an important food crop due to its
exceptionally high calcium (Ca2+) content. It is not only an
excellent source of dietary calcium (Ca2+) but also an excellent
model to explore the genetic control and molecular mechanisms
contributing to high grain calcium (Ca2+) content.
The millet is also well known for its health benefits
such as hypocholesterolemic, hypoglycaemic and anti-ulcerative
properties (Chethan and Malleshi, 2007). Further, the crop
is productive in wide range of environments and growing
conditions from Karnataka in South India to foothills and middle
hills of Himalayas in North India and Nepal, and throughout
the middle-elevation areas of Eastern and Southern Africa
(Kumar et al., 2016). Finger millet being a promising source of
micronutrients and protein (Malleshi and Klopfenstein, 1998),
can play a significant role in alleviation of micronutrient and
protein malnutrition, which affects more than one half of the
world’s population, especially women and preschool children in
most countries of South-east Asia and Africa (Underwood, 2000).
MOLECULAR PLAYERS INVOLVED IN
CALCIUM TRANSPORT
Source to Sink Transport in Root, Stem,
Leaves and Developing Spikes
Calcium (Ca2+) is normally acquired by root from the soil
solution in free ionic form. The outer layers of root, the epidermal
cells and their elongated projection (root hairs) get in touch with
the soil solution where Ca2+ are present in milli-molar range.
Through a variety of Ca2+ permeable channels, which includes
cyclic nucleotide gated channels (CNGCs), glutamate receptor
like (GLR) proteins, two-pore channels (TPCs) and mechano-
sensitive Ca-permeable channels (MSCCs) calcium (Ca2+) enters
inside the root epidermal cells, where it moves both apoplastically
and symplastically to the cortex and then to the stele. Further,
it may reach xylem either apoplastically through extracellular
spaces or symplastically, by entering root cells and moving from
cell to cell through plasmodesmata.
When the root is young, metaxylem and protoxylem are the
main routes of Ca2+ transport while in later stage when the
vessels are fully conductive, central xylem becomes the major
sink. After being released from root, Ca2+ are transported in the
apoplast and xylem vessels of the shoot where the cation exchange
capacity (CEC) of xylem walls and intensity of transpiration is the
major factor for Ca2+ transportation (McLaughlin and Wimmer,
1999). Ca2+ present in the xylem sap exchanges with bound Ca2+
from the xylem walls; the movement of an individual Ca2+ will
be in a series of jumps between exchange sites (Atkinson et al.,
1992). Trunk xylem tissues deliver Ca2+ inside the leaf tissue via
vein extensions. The calcium (Ca2+) delivery and distribution
in leaves is mostly dependent on the pathway of water flow to
and through the leaves (Gilliham et al., 2011). After separation
of mineral cations from water, Ca2+ moves slower in apoplast.
This could be due to the fact that Ca2+ transport within the leaf
is not only by mass flow but also via an extracellular pathway
(Canny, 1993). Growing part of leaf tissue requires high Ca2+
concentration, hence providing a sink for Ca2+ movement.
Members of calcium signaling and transport genes are
reported to be involved in calcium uptake, transport and
accumulation at cellular levels in plants. These include various
types of calcium sensors viz., calcium dependent protein kinases
(CDPKs), Calcinurin- B like protein kinases (CIPKs), calmodulin
dependent protein kinases (CaMKs), calcium/calmodulin
dependent protein kinases (CCaMKs) and transporters genes
viz., Ca2+ -ATPases, Calcium/cation exchangers and calcium
channels (Singh et al., 2015). Calcium transporters are actively
involved in the uptake and transport of calcium in the cells,
while calcium sensors are involved in the regulation of these
transporters (Table 1). Understanding the role of these genes
and the availability of the calcium in rhizosphere might help
in development of calcium biofortified plants. Mirza et al.
(2014) analyzed the expression of calcium transporter and their
regulator genes in different tissues at different growth stages
in two finger millet genotypes differing in calcium content
and reported higher expression of CAX1 gene in roots of high
calcium genotype GPHCPB45 in addition to two more genes
(TPC1 and ATPase) in most of the tissues at vegetative growth
and developing spikes except flag leaf. Higher expression of CAX1
in roots suggests that calcium uptake is taking place at high rate
probably under the regulation of calmodulin independent
pathway as the expression of calmodulin is invariably low in all
vegetative tissues (Mirza et al., 2014). The expression of CAX1
was observed to be low in root tissue as compared to those in
other tissues as reported earlier (Carter et al., 2004; Cocozza et al.,
2008; Conn and Gilliham, 2010). This suggests that although
calcium uptake is taking place at high rate, it is not getting stored
in the vacuole rather it is eﬄuxed in the root apoplast and is
trafficked to the cells by means of the water transpiration stream.
The calcium content in the leaves was higher than those in the
root and stem tissue with higher content in GPHCPB45 leaves as
compared to GPHCPB1. This indicates that higher transpiration
might attribute to higher calcium (Ca2+) accumulation in
GPHCPB45 genotype. Interestingly, the expression pattern of
14-3-3 gene was observed to be similar to CAX1 gene in leaf tissue
indicating that 14-3-3 might interact with the CAX1 for calcium
content regulation in leaves. Further in the developing spike (S1 –
S4 stage), all the transporters exhibited an increased expression
with higher expression in GPHCPB45 and hence correspond
to the higher calcium (Ca2+) content (Mirza et al., 2014).
Higher expression of TPC1 and CAX1 genes in GPHCPB45
indicates higher uptake and accumulation of calcium (Ca2+)
in comparison to GPHCPB1 in the developing spikes. All the
regulatory proteins also exhibited expression patterns similar
to the transporter genes in developing spike with generally a
higher expression in GPHCPB45 genotype. CaM exhibited a
similar expression pattern as Ca2+ ATPase gene indicating that
this CaM isoform might be specific to developing spike and
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TABLE 1 | List of Ca2+transporters in plants.
Name of
transporters
Function Domain Location Regulation Reference Remarks
1) Ca2+ channels
(A) Cyclic nucleotide gated channels
Arabidopsis thaliana
(20 members)
Ca2+ transport TM, cNMP, CBD PM cNMPs,
Ca2+-CaM
Kaplan et al., 2007 Lower ion selectivity
allowing a number of
cations (K+, Na+, Cs+,
Pb2+, Sr2+ etc) to cross
plasma membrane
Oryza sativa 10
members
Ca2+ transport TM, cNMP, CBD PM cNMPs,
Ca2+-CaM
Ward et al., 2009
Poplar trichocarpa
(12 members)
Ca2+ transport TM, cNMP, CBD PM cNMPs,
Ca2+-CaM
Ward et al., 2009
Arabidopsis thaliana
(20 members)
Ca2+ Transport TM, cNMP, CBD PM cNMPs,
Ca2+-CaM
Kaplan et al., 2007
(B) Glutamate receptor homologs (GLRs)
Arabidopsis thaliana
(20 members)
Ca2+ transport TM, GBD PM Glutamate and
glycine
Lacombe et al., 2001 Also permeable for Na+,
K+ and Ba2+ ions.
Oryza sativa (13
members)
Ca2+ transport TM, GBD PM Glutamate and
glycine
Ward et al., 2009
Poplar trichocarpa
(61 members)
Ca2+ transport TM, GBD PM Glutamate and
glycine
Ward et al., 2009
(C) Two-pore channels
Nicotiana tobacum
(NtTPC1a and
NtTPC1b)
Ca2+ transport TM, EF-hands PM, TP Sugar-induced
depolarization
and Ca2+
Kadota et al., 2004 Also permeable for Na+,
K+ Ra+, Cs+, Mg2+ and
Ba2+ ions.
Oryza sativa
(OsTPC1)
Ca2+ transport TM, EF-hand motif PM, TP Sugar-induced
depolarization
and Ca2+
Kurusu et al., 2004
Arabidopsis thaliana
(AtTPC1)
Ca2+ transport TM, EF-hand motif PM, TP Sugar-induced
depolarization
and Ca2+
Furuichi et al., 2001;
Islam et al., 2010
Wheat (TaTPC1) Ca2+ transport TM, EF-hand motif PM, TP Sugar-induced
depolarization
and Ca2+
Wang et al., 2005
Nicotiana tobacum
(NtTPC1a and
NtTPC1b)
Ca2+ transport TM, EF-hands PM, TP Sugar-induced
depolarization
and Ca2+
Kadota et al., 2004
Oryza sativa
(OsTPC1)
Ca2+ transport TM, EF-hand motif PM, TP Sugar-induced
depolarization
and Ca2+
Kurusu et al., 2004
(D) Mechanosensitive Ca2+-permeable channels (MSCCs)
Arabidopsis thaliana
(4 members)
Ca2+ transport PLAC8 domain PM Touch induced Haswell et al., 2008;
Yamanaka et al., 2010
MSL9 and 10 are more
permeable for Cl− than
Ca2+
2)Ca2+ ATPase
(A) P-type Ca2+ ATPase /Endoplasmic reticulum-type Ca2+-ATPase (ECA)/ IIA Type
Arabidopsis thaliana
(4 members)
Ca2+ transport TM and ATPase ER,TP, PM, GO, NU Energy from
hydrolysis of ATP
Baxter et al., 2003;
Pittman, 2011
Beside Ca2+, also
transport Mn2+
Oryza sativa (3
members)
Ca2+ transport TM and ATPase ER,TP, PM, GO, NU Energy from
hydrolysis of ATP
Goel et al., 2012
(B) P-type Ca2+ ATPase /Autoinhibited Ca2+-ATPase (ACA)/ IIB Type
Arabidopsis thaliana
(10 members)
Ca2+ transport TM, CMBD,
autoinhibitory and
ATPase
PM, TP, ER, PL,
GO, MT
Ca2+-CaM Baxter et al., 2003 –
Oryza sativa (11
members)
Ca2+ transport TM, CMBD,
autoinhibitory and
ATPase
PM, TP, ER, PL,
GO, MT
Ca2+-CaM Baxter et al., 2003;
Goel et al., 2012
(Continued)
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TABLE 1 | Continued
Name of transporters Function Domain Location Regulation Reference Remarks
3) Ca2+/H+ Exchangers/ Ca2+-Antiporter
Arabidopsis thaliana (6
members)
Ca2+ transport TM, auto-inhibitor PM, TP, (MT and
NU?)
Proton-motive
force
Pittman, 2011
Oryza sativa (6
members)
Ca2+ transport TM, auto-inhibitor PM, TP, (MT and
NU?)
Proton-motive
force
Goel et al., 2011
TM, transmembrane; cNMP, cyclic nucleotide monophosphate; CBD, calcium binding domain, GBF, glutamate binding domain; CMBD, calmodulin binding domain; PM,
plasma membrane; TP, tonoplast; GO, golgibody, PL, plastid; NU, nuclear membrane; ER, endoplasmic reticulum, MT, mitochondria.
activating the Ca2+ ATPase through binding to the CBD domain
(Amtmann and Blatt, 2009). CAM1 was strongly expressed
during developing spikes of high grain calcium genotype along
with CAX1. Insilico analysis showed that EcCAM interacts
with aquaporin indicating calcium is probably delivered to
developing spikes via mass flow of water (Kumar et al., 2014).
The results indicate that calmodulin independent and dependent
pathways cause greater stimulation of transport machinery
operative in vegetative and spike tissues leading to higher
accumulation of calcium from source to sink. A CAX–CaM
dual gene construct may be designed for targeted co-expression
under grain endosperm cell-specific promoters to fortify cereals
with bioavailable calcium. In flag leaf, the expression of all
the transporter and regulatory genes was found to be down
regulated, however, the calcium content in flag leaf was highest
among all the tissues in both the genotypes. This indicates that
the calcium accumulation in flag leaf is largely dependent on the
transpirational pull and isoforms.
Briefly, the differential expression of genes shows differential
spatial and temporal accumulation of calcium (Ca2+) in the two
genotypes of finger millet. Studies on finger millet CAX1 and
ATPase might offer further insights in understanding their auto-
inhibition and strategic regulation. However, higher transcript
abundance does not always corroborate with higher gene product
abundance and activity. There are many post translational
modifications and other bottle necks that may alter the fate
of transcriptional activity. The results of transcriptome needs
further validation using knock in and knock out approaches.
Thus, finger millet plant might as well befall as a model system
for better understanding of the underlying genetic control and
molecular physiological mechanisms contributing to high grain
calcium. Figure 2 depicts the role of potential transporters and
regulatory genes involved in calcium (Ca2+) transport from
source to sink in finger millet.
Calcium Accumulation in Seed
Seed consists of filial tissues (aleurone and endosperm cell)
and maternal tissues (seed coat and nucellar cell) with no
direct vascular connection between them (Wolswinkel, 1992).
Generally, differentiated vascular systems are restricted to seed
tissues and are primarily comprised of phloem with no or limited
xylem (Patrick, 1997). Phloem immobility of Ca2+ forces it
to take different route for delivery in seed. The possibilities
include the non-vascular symplastic pathway from funiculas, viz.,
xylem transfer cell, pigment strands, nucellar cell, or apoplastic
(cell wall) routes (Van Bel, 1990). The calcium concentration
in phloem-fed tissues, such as fruits, seeds and tubers is in
general low in many crops (Karley and White, 2009), but finger
millet seeds have been found to be accumulating very high
calcium varying from 100 to 450 mg/100 g (Panwar et al.,
2010). Therefore, it becomes an important target crop toward
elucidating the genetic and epigenetic basis of calcium uptake,
transport and accumulation in plant. The information generated
through this could be utilized for biofortification of staple crops
through transgenic approaches which relies on improving the
uptake, translocation and accumulation in edible tissues or
through adequate availability in their roots.
Based on the existing knowledge about calcium (Ca2+)
transport and accumulation, a hypothetical pathway of seed
calcium accumulation is proposed in Figure 3. In this model,
it is proposed that Ca2+ from xylem passes through the
pedicel tissues (Xylem transfer cell and pigmented strand) and
then enters the maternal tissue (seed coat) with the help of
transporters. It gets pumped toward the apoplast from seed coat,
where it is absorbed by aleurone and then in endodermal cell. So,
prior to uptake by the embryo, Ca2+ are deposited in the seed-
coat apoplastic space abutting the surface of the embryo (Patrick,
1990). The seed coat is major Ca2+ storage tissue followed
by aleurone layer and the endosperm (Nath et al., 2012). The
contrasting distribution pattern of Ca2+ in different tissues of
seed during seed development indicates the role of physiological
and molecular mechanisms of their accumulation. The presence
of prominent, insoluble calcium oxalate crystals (especially in
seed coat) and calcium phytates in the embryo of mature seed has
been reported to be an important factor for high grain calcium in
plants (Barnabas and Arnott, 1990; Ilarslan et al., 2001).
Spatial distribution of calcium transporters within the cell
provides the path for storage and movement of calcium (Ca2+).
There is good evidence that Ca uptake from the apoplast
is mediated by activity of Ca channels, which would be the
most energetically efficient mechanisms because they utilize
the large inward directed electrochemical potential gradient
for Ca (Franceschi and Nakata, 2005). The occurrence of
abundant Ca2+ channels in the cell membrane toward the
xylem (funiculus) and Ca2+-ATPases toward endosperm might
be responsible to pump Ca2+ in the seed (Figure 2). Once Ca2+
enters inside the seed it might get stored inside cell organelles
viz., vacuole, ER etc. Vacuole is reported as the major reservoir
of Ca2+and up to 80% or more of the cellular volume of plant
cells is occupied by vacuole (Pittman, 2011). The abundance of
Ca2+ transporters especially antiporters on tonoplast contribute
toward high calcium (Ca2+) in seeds (Conn et al., 2011; Punshon
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FIGURE 2 | Depiction of the role of the potential transporters and their regulatory genes during translocation of calcium (Ca2+) from the rhizosphere
by the (1) root and root hair and translocation. Along with the xylem stream through (2) stem, distribution to the (3) leaves and phloem loading for movement into
the (4) flag leaf and (5) developing spike (6). The up (↑) and down (↓) regulation of these genes are given in the sketch diagram (Adapted from Mirza et al., 2014).
FIGURE 3 | Hypothetical model of Ca2+ transport in seed (Adapted from Kumar et al., 2014).
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et al., 2012). Higher expression of Ca2+ transporters and calcium
binding proteins (CaBPs) in the tonoplast membrane has been
reported for the uptake and storage of Ca2+ in vacuole of leaf cell
(Blumwald and Poole, 1986; Wang et al., 1995).
The mechanism of Ca transport inside seed is still not known,
as Ca is phloem immobile and seed is fed mainly by phloem.
Our preliminary study based on rice Ca sensor and transporter
data suggests that Ca transporters (especially Ca Exchanger) are
the main Ca transporting proteins that pump Ca inside seed.
Based on the structural and expression analysis of the calcium
transporter genes and available data in literature, a hypothetical
model for accumulation of calcium in the cereal grains was
proposed (Goel et al., 2011, 2012). The nine calcium transporter
genes identified through the analysis of rice MPSS and microarray
data were tested and one calcium ATPase and one calcium
exchanger was found to be highly expressed in high seed calcium
finger millet genotype. In finger millet, out of the five genes
encoding calcium transporters and sensors (Ca ATPase-01, CAX-
01, TPC-01, CaMK-02 and one gene of 14.3.3) isolated from
finger millet, CAX1 showed strong expression in the later stages
of spike development indicating its role in accumulating high
amounts of calcium in seeds (Mirza et al., 2014). Therefore, it
can be speculated that the same mechanism of grain calcium
accumulation exists in finger millet as is found in rice. However,
the model is probabilistic and experimental evidence like gain
or loss of function studies are required to validate this model.
Figure 4 depicts a hypothetical model showing the possible
mechanism of calcium accumulation in various stages of cereal
grains development.
Transcriptome sequence data of finger millet showed high
expression of Ca2+ transporters including CAX-1, CAX-3 and
calcium sensor protein such as CIPK-24 and CaM in high seed
calcium finger millet genotype (GPHCPB45). Transcript profiling
(qPCR) study of such identified candidate genes indicated that
Ca2+ transporters including CAX-1, CAX-3 and calcium sensor
proteins such as CIPK-8 and CaM are highly expressed in
high seed calcium finger millet genotype (GPHCPB45) than
GPHCPB1. Based on expression analysis and insilico interaction
studies a speculative model is shown in Figure 5 which shows tri-
partite interaction of calcium transport and sensor genes leading
to activation of transport machinery that pumps calcium from
cytosol to vacuole in developing seeds in finger millet. It is
suggested that SOS3/CBL4 and SOS2/CBL10 strongly interact
with CIPK-24 in either vegetative or developing spikes stage.
Such SOS/CBL complexes bind and activate CIPK-24 kinase
activity by relieving self-inhibitory folding within the regulatory
and kinase domain of the CIPK-24 protein (Halfter et al., 2000)
and thus modulating the efficiency of CAX1 and CAX3 channel
transporters. Ion transporters present at the tonoplast, including
an H+ pump and Ca2+/H+ exchanger are the targets of CIPK-24
for their activation (Verslues et al., 2007). The calcium transport
machinery regulated by calmodulin dependent and calmodulin
independent pathways operative in seed tissues is leading to not
only differential accumulation of calcium in seeds but also varied
accumulation of calcium in different seed tissues viz. higher
accumulation in aleurone layer, followed by seed coat and least in
endosperm as reported by SEM-DEX analysis (Nath et al., 2012).
MOLECULAR APPROACHES FOR
CALCIUM BIOFORTIFICATION
Marker Discovery and Omics
Approaches to Study the Molecular
Basis of Calcium Accumulation
Fr From the last 20 years, molecular biology has revolutionized
conventional breeding techniques in all areas. Biochemical and
molecular techniques have shortened the duration of breeding
programs from years to months or eliminated the need for
them all together. The use of molecular markers in conventional
breeding techniques have also improved the accuracy of crosses
and allowed breeders to produce genotypes with combined traits
that were very difficult before the advent of DNA technology.
DNA markers can be generated in large numbers and can
prove to be very useful for a variety of purposes relevant to
crop improvement. Figure 6 gives a schematic representation
of genomics and molecular breeding approaches for developing
calcium biofortified finger millet.
Low level of polymorphism has been reported in most of
the studies on diversity analysis using molecular markers in
cultivated finger millet (Muza et al., 1995). For the first time
Dida et al. (2007) developed genomic SSRs by isolating di- and
trinucleotide SSRs from random genomic HindIII, PstI and SalI
libraries of finger millet. They developed first genetic map of
finger millet with 31 genomic SSRs as well as RFLP, AFLP and
EST markers. The sudden increase in the volume of sequence data
generated from EST projects in several plant species facilitated
the identification of genic SSRs in large numbers. Since the
genomes of minor grasses like finger millet is yet to be sequenced,
markers in minor grasses can be fetched from the major cereals.
Comparative genetic mapping of cereal crops has shown that
both gene contents and/or gene orders are largely conserved over
the evolutionary history of the grasses (Moore et al., 1995) to
the extent that grass genomes represent a ‘single genetic system’
(Bennetzen and Freeling, 1997).
Assessment of genetic diversity in finger millet revealed
important information that South Indian and the African
genotypes are close together and genetically distinct from North
Indian genotypes including Uttarakhand (Panwar et al., 2010).
Some of these genotypes of this crop possess very high grain
calcium (Ca2+) content (450 mg/100 g) which is 10–30 times
higher than wheat and rice (Panwar et al., 2010). In a study of
Uttarakhand finger millet genotypes, molecular marker analysis
differentiated the genotypes into three distinct clusters according
to calcium (Ca2+) content indicating that variation in calcium
content is also genetically controlled (Panwar et al., 2010).
Markers have been utilized extensively for marker assisted
selection, based on their association with genes/QTLs controlling
grain calcium trait (Table 2). In order to identify the markers
associated with high grain calcium trait, 146 genic SSR markers
were assessed for cross species transferability across a diverse
panel of grass species. The average transferability of genic SSR
markers from sorghum to other grasses was highest (73.2%)
followed by rice (63.4%) with an overall average of 68.3% which
establishes the importance of these major crops as a useful
Frontiers in Plant Science | www.frontiersin.org 9 January 2017 | Volume 7 | Article 2028
fpls-07-02028 January 16, 2017 Time: 16:14 # 10
Sharma et al. Molecular Approaches for Calcium Biofortification
resource of genomic information for minor crops. The genic SSR
primers (69.7%) failed to detect variations across the finger millet
germplasm, indicating that the mineral transport and storage
machinery remain conserved in plants and even SSR variations
in them remain suppressed during the course of evolution (Yadav
et al., 2014). Development and molecular characterization of
genic molecular markers for grain protein and calcium content
has also been done (Nirgude et al., 2014). Of the 86 SSRs used
in linkage mapping study, only 6 primers were polymorphic
among the two parents PRM 801 (low calcium genotype) and
GE 86 (high calcium genotype). Further, 20 polymorphic primers
used across the association mapping panel of 238 genotypes
led to the identification of 5 SSR markers viz. ugep67, ugep24,
ugep77, ugep12 and ugep 10, which were significantly associated
with calcium trait. For identifying QTLs for calcium content
marker trait associations have been explored through association
mapping studies and two minor QTLs associated with grain
calcium (Ca2+) content on linkage group 3 and 8 respectively
have been identified (Yadav et al., 2014). Linkage group 8 has
been found to harbor a minor QTL for the trait and high
levels of conserved co-linearity between rice and finger millet
genomes (Srinivasachary et al., 2007) reveals that finger millet
chromosome 8 might also contain genes/regions responsible for
effective mineral accumulation. Similarly, finger millet LG 3
shares co-linearity with rice chromosome 3 and Ca2+ QTLs have
also been mapped on chromosome 3 of rice. Furthermore, these
results indicate that broad genome-wide search will be required to
identify all the genes that control this complex trait and variation
in a population.
The putative QTLs for calcium accumulation and increased
calcium uptake have been explored in several plant species by
different workers (Guzmán-Maldonado et al., 2003; Lexer et al.,
2003; Zhang et al., 2009). In rice, QTLs for calcium accumulation
have been identified and mapped on chromosomes 1, 3, 4, 5,
9, 10, 11, and 12 with phenotypic variation ranging from 5
to 18% in rice (Garcia-Oliveira et al., 2009; Du et al., 2013).
Owing to sufficient variation for calcium content in finger millet
germplasm, putative QTLs could be located using comparative
genomics approach due to high co-linearity between rice and
finger millet genomes.
One of the greatest challenges of biology in the post
genomic era understands the functional connections between
genes, transcripts, proteins, metabolites and nutrients (Kumar
et al., 2015a). This understanding will highly beneficial for the
plant biofortification processes. Storage of nutrients in different
plant organs such as leaves, roots or seeds is governed by a
specific subset of genes which ultimately control whole plant
concentrations for numerous elements. The field of genomics
has significantly contributed to this information, as it has
helped in identifying the genes and genomes of several food
plants. As it is already known that some genes are responsible
for the uptake and transport of more than one mineral,
thus, affecting the mineral homeostasis in a coordinated way.
Therefore, alternate tools for expediting the prioritization of
candidate genes that control mineral accumulation in plants
are desirable (Conn et al., 2012). Therefore, the field of high
throughput sequencing/transcriptomics has been fundamental in
accelerating gene discovery.
Since, the finger millet crop is valued for its high calcium
content, studies have been focused to characterize calcium
(Ca2+) sensing, transport and accumulation mechanisms across
genotypes differing in their grain calcium (Ca2+) content with
FIGURE 4 | A hypothetical model showing the possible mechanism of calcium accumulation in various stages of cereal grains development. S1
(booting), S2 (spike emergence), S3 (pollination), S4 (Grain filling or milky) and S5 (seed maturation). (Adapted from Goel et al., 2012).
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FIGURE 5 | Tripartite molecular interactions map using system biology graphical notation (SBGN) of the calcium exchangers and sensors in different
tissues [CBL-4-CIPK24_CaX1 (Vegetative tissue), CBL-10-CIPK24-CaX1; CBL10-CIPK24-CaX3 (Vegetative tissue or developing spikes)] involved in
the regulation of calcium transport and accumulation in finger millet (constructed by CellDesigner4.4).
FIGURE 6 | Schematic representation of genomics and molecular breeding approaches for developing calcium biofortified finger millet.
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TABLE 2 | Molecular marker studies in Finger millet for calcium trait.
Source for
designing
primers
Primers Polymorphism Reference
Calcium(Ca2+)
transporters and
sensors of rice and
sorghum
23 anchored
EST SSRs
14 polymorphic
markers
Kumar et al.,
2015c
Calcium(Ca2+)
transporters and
sensors of rice and
sorghum
146 EST SSRs No polymorphism Yadav et al.,
2014
Candidate genes
viz., Calcium(Ca2+)
exchangers,
channels and
ATPases of finger
millet, rice, maize,
wheat and barley
20 anchored
SSRs
5 polymorphic
markers
Nirgude et al.,
2014
the use of high-throughput transcriptome sequencing (Kumar
et al., 2014; Singh et al., 2014). To generate the nucleotide
sequence information resource and gain deep insights about
the developing grain transcriptome and identify the genes
responsible or involved in the process of high grain calcium
(Ca2+) accumulation, Kumar et al. (2015b) used Illumina HiSeq-
2000 high-throughput RNA sequencing technology to identify
differentially expressed targets for calcium (Ca2+) content
variation in two contrasting finger millet genotypes differing in
grain calcium (Ca2+) content (GPHCPB45 – a high calcium
genotype and GPHCPB1 – a low calcium genotype). The
differential expression analysis on the basis of FPKM value
resulted in 24 genes highly expressed in GPHCPB45 genotype
and 11 were highly expressed in GPHCPB1 genes (Kumar
et al., 2015b). The results obtained from transcriptome analysis
were validated on spikes of finger millet grown on different
concentration of calcium (Ca2+) (0.1, 5.0, 10, and 20 mM) at
four stages of spike development. Significant correlation between
the expression of selected Ca2+ sensor genes and amount of
exogenous Ca2+ supply was observed (Singh et al., 2014).
Through peptide mass finger printing, two Ca2+ binding
protein viz., ‘Calcineurin-B’ and ‘Calreticulin’ were identified in
finger millet seeds (Singh et al., 2016). Following the information
about the involvement of calcineurin and calreticulin proteins in
binding calcium (Ca2+) in seed, expressions of 5 each calcineurin
and calreticulin genes of finger millet were studied during grain
filling. EcCRT1, which shows high expression in the S1 stage
of seed development, was partially cloned, sequenced and its
full length cloning is under progress (Singh et al., 2014). The
mechanism of how Ca2+ are moving/transporting inside seed is
still not known, as Ca2+ in phloem is immobile and seed is mainly
fed by phloem. The preliminary results based on rice Ca2+ sensor
and transporter data suggest that Ca2+ transporters (especially
Ca Exchanger) are the main Ca2+ transporting proteins that
pump Ca2+ inside seed (Li, 2006). The activities of these Ca2+
transporters are governed by Ca2+ sensor proteins such as CaM.
Southern hybridization results showed the presence of at least
four copies of the previously isolated CaM, that is located on
different regions of the finger millet genome. Immuno-detection
using mono-specific polyclonal anti-EcCaM antibodies revealed
that EcCaM is localized in the embryo, close to the aleurone layer
and accumulates in higher amounts in the high grain calcium
genotype. Abundance of CaM around aleurone layer in high
grain Ca2+ genotype suggests that CaM might be responsible
for high grain calcium accumulation (Kumar et al., 2014).
However, all studies on Ca2+ sensor and transporter genes were
based on cloning of gene by designing primers from conserved
region of related species/genus that may miss important gene of
major effects. A detailed transcriptome wide study of calcium
(Ca2+) sensors and transporters was carried out to identify the
differentially expressed genes during developing spikes of finger
millet and can serve as potential candidate genes having role in
seed calcium accumulation (Singh et al., 2014, 2016). Transgenics
for Ca2+ Exchanger (CAX), an important Ca2+ transporter that
pump Ca2+ inside vacuoles were developed, which resulted in
significant Ca2+ increase but deleterious effects like mineral
imbalance, stunted plant growth and other structural changes
were also seen (Kumar et al., 2015a). GPHCPB45 was found to
be more efficient calcium (Ca2+) accumulator at low external
calcium (Ca2+) concentrations, whereas GPHCPB1 was found
to be more responsive to increased external calcium (Ca2+)
concentration (Singh et al., 2014). Comprehensive sequencing
efforts and analysis of gene function in the developing spikes
transcriptome of finger millet (E. coracana) represents the
most extensive expressed sequence resource available for finger
millet to date (Kumar et al., 2014). Analysis of transcriptome
sequence data of finger millet has indicated that Ca2+ transporter
genes including CAX-1, CAX-3 and calcium (Ca2+) sensor
protein such as CIPK-24 and CaM are highly expressed in
high seed Ca2+ finger millet genotype. In order to understand
the role and interrelationship expression of these genes in
high seed calcium (Ca2+) accumulation, comparative tissue
wide transcript profiling study of potential candidate genes,
viz. CAX-1, CAX-3, CIPK-24 and CaM at vegetative stage and
developing spikes stage have shown mostly higher expression
in high grain calcium (Ca2+) genotype. The up-regulation of
CAX-1 in vegetative tissues and developing spikes and CAX-3
in developing spikes provide most plausible clue explaining
the accumulation of high calcium (Ca2+) in finger millet. The
genetic information generated from these studies can be deployed
in calcium (Ca2+) biofortification program by using genetic
engineering or marker assisted selection strategies. Breeding for
high grain Ca2+ in finger millet can be accelerated by using
the closely linked markers to identified genes (EcCIPKs). This
is just beginning, and it needs further studies in cloning and
validation of the above genes using a set of different contrasting
genotypes.
Recently, an effort has been also made to study the genetic
make of diverse world finger millet collection and population
structure analysis of 113 finger millet accessions using genotyping
by sequencing (GBS) (Kumar et al., 2016). This resulted in a
genome wide set of 23000 Single Nucleotide Polymorphisms
(SNPs) segregating across the entire collection and several
thousand SNPs segregating within every accession. It will
provide a better opportunity to dissect complex traits and
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identification of superior alleles/ genes contributing to the target
traits.
Considering the examination of mineral/micronutrients and
their complex networks, ionomics or ionome profiling has
emerged as a striking area that facilitates the genome-scale
understanding of dynamics of elemental accumulation in the
living systems (Baxter, 2010). In the context to ionomics, several
techniques driven by the electronic or nuclear property of
the element are currently being used to investigate elemental
composition in different organisms (Singh et al., 2013).
These techniques include AAS, ion beam analysis (IBA),
X-ray fluorescence spectroscopy (XRF), ICP mass spectroscopy
(ICP-MS) and neutron activation analysis (NAA) (Pfeiffer
and McClafferty, 2007; Djingove et al., 2013; Singh et al.,
2013).
Metabolomics is another area to better explore the chemical
components which are present in food grains, how they are
synthesized and the genetic and environmental factors that
are involved in determining food composition and stability.
Metabolomics is much more than just a diagnostics tool
(Schauer and Fernie, 2006) and can help us greatly to
improve our understanding of the complexity of metabolic
regulation and explain how minor perturbations can have a
myriad of biochemical end-points. This creates the potential to
provide us with the knowledge necessary to facilitate a more
targeted approach to crop improvement, specifically in terms
of biochemical composition and nutritional value (Robert and
Jennifer, 2010).
TRANSGENIC TECHNOLOGY
Transgenic may provide an alternative approach for
biofortification of major food to enhance the concentration
of calcium (Ca2+) content. The major aim of calcium
biofortification strategy is to increase calcium (Ca2+) content
in edible parts of crops without adversely affecting plant growth
or increasing the plant requirement for additional inputs, i.e.,
calcium (Ca2+) fertilization or increased water use (Dayod
et al., 2010). In plant three transgenic approaches can be used
to increase the concentration of calcium (Ca2+) in edible part.
The first approach is to enhance calcium (Ca2+) storage capacity
through expression of calcium (Ca2+) transporter proteins
viz., Ca2+ ATPase and Ca2+/H+ antiporters. Ca2+ ATPase
requires energy for calcium (Ca2+) transport in the form of
ATP while Ca2+/H+ antiporters is activated by proton motive
force. Lower energy demands of transport through Ca2+/H+
antiporters make them a good candidate for Ca2+ increase
(Conn and Gilliham, 2010). Arabidopsis thaliana CAX1 (for
CALCIUM EXCHANGER 1) gene was first over expressed in
tobacco plant under the control of cauliflower mosaic virus
35S promoter and 100% increase in calcium content was
observed (Hirschi, 1999). Hirschi and colleagues expressed
Yeast vacuolar Ca2+/H+ antiporter, (VCX1) in Arabidopsis and
tobacco (Hirschi, 2001). VCX1-expressing plants demonstrated
increased tonoplast-enriched Ca2+/H+ antiport activity as
well as increased Ca2+ accumulation (upto 50%). Later several
transgenic event were attempted by expression of different CAX
proteins viz., AtsCAX1 in carrot (Park et al., 2004; Morris et al.,
2008), rice (Kim et al., 2006; Yi et al., 2012), potato (Park et al.,
2005a), tomato (Park et al., 2005b), tobacco (Mei et al., 2007;
Park et al., 2009) lettuce (Park et al., 2009); AtCAX4 in tomato
(Park et al., 2005b), AtsCAX2B in potato (Kim et al., 2006);
AtsCAX2a in tomato (Chung et al., 2010); AtsCAX2b in bottle
guard (Han et al., 2009) and upto 300% calcium (Ca2+) increase
were reported. However, tissue Ca2+ increase was negatively
co-related with Ca2+ deficiency symptoms. Interestingly, over
expression of AtCAX4 or modified AtsCAX2B have shown
weaker Ca2+ transport and fewer deficiency symptoms (Park
et al., 2005b; Chung et al., 2010). This indicates that AtsCAX1 is
too strong in pulling cytosolic Ca2+ away from cytoplasm and
makes it unavailable for plant cellular processes than weaker
alleles like AtCAX4, AtsCAX2B. Increasing bioavailable Ca2+,
CAX transporters are excellent candidates but measure has
to taken to avoid Ca2+ deficiency symptoms. Moreover, over
expression of some CAX have shown little accumulation of
other ions like Cd (cadmium), Mn (magnese) modification of
the region could be used to increase specificity (Shigaki et al.,
2003).
The second approach is to enhance calcium (Ca2+)
accumulation by over expression of calcium (Ca2+) channel
proteins. Calcium (Ca2+) channels in plasma membrane have
been reported in all known cell types (Véry and Sentenac, 2002)
but there are few reports on the genes that encode these proteins.
GLR Proteins (Gilliham et al., 2006) and cyclic nucleotide
gated channels (Demidchik and Maathuis, 2007) are a few
among the candidate genes. Influx of calcium (Ca2+) across
the PM is passive (i.e., down the Ca2+ electrochemical
gradient) and is driven by Ca2+ channels (White and
Broadley, 2003). The wheat low-affinity cation transporter
gene (LCT1) was expressed in tobacco under the control of
CaMV 35S promoter. LCT1-transformed plants expressed a
phenotype distinct from controls only under conditions of
low calcium, they grew significantly better and had slightly
higher shoot calcium concentration (Antosiewicz and Hennig,
2004).
The third approach to enhance calcium (Ca2+) content in
plant was by over expression of calcium (Ca2+) binding protein.
The use of calcium (Ca2+) binding proteins might be very
efficient way to increase calcium (Ca2+) accumulation in tissues.
The over expression of Zea mays calreticulin (an ER-localized
calcium binding protein) in Arabidopsis resulted in bioavailable
calcium (Ca2+) increase in plant (Wyatt et al., 2002). Upto
9–35% increase of calcium (Ca2+) content was measured for
induced transformants compared to controls. The use of calcium
binding protein as candidate for Ca2+ biofortification is good but
compared to CAX transporter very less increase of Ca2+ has been
reported (Wyatt et al., 2002).
The fourth approach was through mutagenesis. Model
forage crop Medicago truncatula was mutagenised with EMS
and mutant with no (cod5) or reduced (cod6) calcium oxalate
crystals were identified. In this report 10% reduction in
calcium(Ca2+) content but 23% increase in calcium(Ca2+)
absorbed by mice in feeding trial was observed (Morris et al.,
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TABLE 3 | List of events made toward calcium biofortification.
Source and name of
transporter
Target plant % Fold increase Remarks Reference
Arabidopsis thaliana (AtCAX1) Tobacco (Nicotiana
tobacum)
100% increase Symptoms of Ca2+
deficiencies, ion
imbalance
Hirschi, 1999
Yeast vacuolar Ca2+/H+
antiporter, (VCX1)
Arabidopsis and tobacco 50% increase Sensitivity to Na+ and
other ions
Hirschi, 2001
Zea mays calreticulin Arabidopsis thaliana 9–35% increase – Wyatt et al., 2002
Triticum aestivum (LCT1) Tobacco (Nicotiana
tobacum)
– Protective against Cd2+
toxicity
Antosiewicz and Hennig,
2004
Arabidopsis thaliana (AtsCAX1) Carrot taproot (Daucus
carota)
Twofold increase Indistinguishable from
wild type
Park et al., 2004; Morris
et al., 2008
Arabidopsis thaliana (AtsCAX1) Rice (Oryza japonica) – Indistinguishable from
wild type
Kim et al., 2005
Arabidopsis thaliana (AtsCAX1) Potato (Solanum
tuberosum)
300% increase Indistinguishable from
wild type
Park et al., 2005a
Arabidopsis thaliana (AtsCAX1) Tomato (Lycopersicon
esculentum)
20–150% increase Also increases in Cu2+,
Fe3+, Mg2+, Mn2+ and
Zn2+
Park et al., 2005b
Arabidopsis thaliana (AtCAX4) Tomato (Lycopersicon
esculentum)
40–50% increase Indistinguishable from
wild type
Park et al., 2005b
Arabidopsis thaliana
(AtsCAX2B)
Potato (Solanum
tuberosum)
50–65% increase Indistinguishable from
wild type
Kim et al., 2006
Arabidopsis thaliana (AtsCAX1) Tobacco (Nicotiana
tobacum)
200% increase Also increase in K+ and
Mn2+
Mei et al., 2007
Arabidopsis thaliana (AtsCAX1) Tobacco (Nicotiana
tobacum)
15% increase – Park et al., 2009
Arabidopsis thaliana (AtsCAX1) Lettuce (Lactuca sativa) 25–32% increase Indistinguishable from
wild type
Park et al., 2009
Arabidopsis thaliana
(AtsCAX2b)
Bottle gourd (Lagenaria
siceraria)
9% increase Also increase in Na+ and
K+
Han et al., 2009
Arabidopsis thaliana
(AtsCAX2a)
Tomato (Lycopersicon
esculentum)
100% increase Indistinguishable from
wild type
Chung et al., 2010
Arabidopsis thaliana (AtCAX1) Rice Up to 2.4 time
increase
Architectural variation in
starch granule formation
Yi et al. (2012)
2008). Out of four transgenic approach for calcium(Ca2+)
biofortification in plants, maximum calcium(Ca2+) increase
(up to 300% time) has been reported in potato over
expressing modified Arabidopsis AtsCAX1 protein but the
bioavailability of calcium(Ca2+) was found with calreticulin gene
(Table 3).
CONCLUSION
Hi- throughput technologies of genomics, transcriptomics,
proteomics, metabolomics and ionomics have shifted the focus
from single gene research to a holistic understanding of gene
function. None of the methods used in isolation provides
enough information to infer function of an unknown gene,
instead combined data from different functional genomics
tools bring us close to this goal. Potential genes involved
in high grain calcium (Ca2+) accumulation in finger millet
once identified through these approaches can be validated by
over expressing them through transgenics and subsequently the
candidate genes may possibly be used to genetically modify
crops and help them increase their grain calcium content.
Genome wide variant detection in crops like finger millet
is a preliminary step toward linking genotypic variation and
phenotypes. The conversion of these genetic variants (the
most prevalent of these being SNPs) into genetic markers is
particularly important in agronomically valuable crops to allow
for effective marker assisted selection strategies, map based
gene cloning, whole genome fingerprinting, association studies
and population based analyses. Toward these goals, in the
absence of the genome sequence of finger millet an increasing
number of large scale genetic variant discovery initiatives are
being taken in conjunction with NGS platforms, allowing for
drastically quicker and cheaper variant discovery, and leading
toward a far more comprehensive view of the genome or
transcriptome.
FUTURE PROSPECTS
Genomics information has not only helped in efficient
understanding of structural and functional aspects of many
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plant genomes but also has provided a feasible platform for
manipulation of genomes for crop improvement. The near-future
completion of genome sequencing project of finger millet
will help in determining the function of every gene and
ultimately how genes interact to form the basis of complex
traits such as calcium nutrition. Finger millet is hence, no
more called as a coarse cereal rather referred to as a nutri-
cereal or nutraceutical. The properties on the whole make
finger millet an ideal model for studying genomics and
an implausible source for gene mining for complex traits
such as grain calcium (Ca2+) content. Potential candidate
genes responsible for high grain calcium (Ca2+) accumulation
isolated from finger millet can help in improving other cereal
crops through functional genomics and molecular breeding
approaches and pave way for the development of designer
crops.
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